Eukaryotic transcription factors (TFs) form complexes with various partner proteins to recognize 15 their genomic target sites. Yet, how the DNA sequence determines which TF complex forms at any given site is poorly understood. Here we demonstrate that high-throughput in vitro binding assays coupled with unbiased computational analysis provides unprecedented insight into how complexes of homeodomain proteins adapt their stoichiometry and configuration to the bound DNA. Using inferred knowledge about minor groove width readout, we design targeted protein 20 mutations that destabilize homeodomain binding in a complex-specific manner. By performing parallel SELEX-seq, ChIP-seq, RNA-seq and Hi-C assays, we not only reveal complex-specific functions, but also show that TF binding sites that lack a canonical sequence motif emerge as a consequence of direct interaction with functionally bound sites.
INTRODUCTION
Gene regulatory networks are controlled by transcription factors (TFs) that target distinct gene sets 30 by binding to specific DNA sequences. To determine which genes are regulated by a given TF, the genome-wide pattern of TF binding must be assayed and interpreted. The current standard approach is to profile in vivo TF occupancy using ChIP-seq or related methods(1-5). However, because these assays are blind to which co-factors the TF uses to bind any particular locus, it is difficult to infer how the DNA sequence determines the stoichiometry and composition of TF 35 complex assembly.
A complementary approach to identify TF binding sites involves probing the DNA binding specificity of TFs using high-throughput in vitro assays (6) . Binding preferences derived from such experiments are typically summarized by a position weight matrix or PWM (7) . Despite their popularity, PWMs typically fail to explain a large fraction of in vivo TF binding events in higher 40 eukaryotes (8) . There are several possible explanations for this: For one, low-affinity binding sites, which generally do not harbor a motif match, can be bound and functional in vivo (9, 10) . Second, a TF may bind its genomic target sites cooperatively with other TFs (11) (12) (13) (14) (15) or with nucleosomes (16) . Finally, indirect pull-down at highly accessible sites (17) or experimental artifacts (18) may also contribute. Although the mechanism by which ChIP enrichment is accrued in the absence of 45 sequence-specific binding is not well understood, recent insights into the compartmentalized structure of eukaryotic nuclei and the formation of transcriptional hubs with high concentration of TFs (19, 20) provide a potential explanation.
Yet another approach to analyzing TF binding specificity is to obtain atomic-resolution structural information of protein-DNA complexes. To date, the structures of several thousands of 50 protein-nucleic acid complexes have been determined (21) , including representatives for all major TF families (22) . However, as with PWM models, the majority of these structures were obtained using only the DNA binding domain (DBD) bound to a single DNA ligand and, as a result, provide little structural insight into the range of binding modes exhibited by combinations of full-length TFs in vivo. 55 Despite their individual short-comings, these different approaches have yielded a rich trove of complementary data sets, which together may allow us to dissect the causal relationship between DNA sequence, TF complex binding, nuclear transcriptional hub assembly, and coordinated regulation of gene expression.
Here we combine high-throughput in vitro binding experiments with structural information 60 to design engineered TFs that can elucidate important principles underlying gene regulatory networks. Importantly, by contrasting the molecular behavior of "wild-type" and "engineered" versions of the same TF in vivo, we obtain detailed information on TF complex-specific gene control and function. To illustrate this approach, we focused on a system of three interacting homeodomain (HD) transcription factors from D. melanogaster -one of the eight Hox proteins in 65 the presence of the homeodomain cofactors Homothorax (Hth) and Extradenticle (Exd) . This TF system exhibits many of the complexities that exist for most eukaryotic TFs, including overlapping binding specificities within large TF families (23, 24) , the existence of multiple TF isoforms (25, 26) , cooperativity and latent DNA binding specificities (13) , and distinct biological functions that depend on unique TF complex compositions (25, (27) (28) (29) . 70 We show that, as with Hox homeodomains (30) , basic amino acids within the N-terminal arms of both Hth and Exd homeodomains prefer to bind DNA sequences with narrow minor grooves. We use this insight to design targeted protein mutations that are compromised in this mode of recognition and, as a consequence, selectively eliminate the binding of some, but not all, Exd-containing complexes. Exploiting this differential sensitivity as a tool in vivo, we classify 75 each binding site according to the specific homeodomain complex that it binds. Furthermore, by combining information on 3D chromatin interactions with the variable degree of mutant Exd binding loss, we demonstrate that binding to sites lacking a sequence motif results from direct interactions with sites bound in a sequence-specific manner. Finally, we infer hidden complexspecific biological functions by linking distinct Exd complexes to the set of target promoters they 80 physically interact with.
RESULTS

85
Hox, Hth, and Exd form complexes with distinct sequence and conformation preferences
The TALE-family homeobox protein Exd can form a heterodimer with each of the eight D. melanogaster Hox factors (13) . Nuclear localization of Exd is dependent on Hth (31, 32) , a second TALE-family homeobox TF that exists as two major isoforms (25) : a full-length, 90 homeodomain (HD) containing isoform, Hth FL , and a shorter, HD-less isoform, Hth HM (Homothorax-Meis domain). Since the tight Exd-Hth protein-protein interaction occurs between the HM domain and Exd's PBC domain (33) (Fig. 1A) , both isoforms are sufficient for the nuclear localization of Exd. In addition to acting as a Hox cofactor, Hth FL -Exd carries out Hox-independent functions such as patterning the proximal-distal axes of the appendages and specifying antennal 95 identity (34) (35) (36) . As a result, a variety of Exd-containing complexes are present in vivo -Hth FL -Exd-Hox, with three HDs, Hth HM -Exd-Hox or Hth FL -Exd, each with two HDs -as well as Hth FL binding as a monomer or homodimer without direct Exd-DNA contact (Fig. 1B) . Structural information, however, is largely limited to the HDs of heterodimeric Exd-Hox and homodimeric MEIS1 (the human ortholog of Hth) ( Fig. 1B) . Thus, it remains unclear how the assembly of 100 different complexes is promoted by the DNA sequence, or how the combinatorial nature of homeodomain binding contributes to gene regulation.
To characterize in vitro binding preferences, we designed SELEX-seq libraries (13, 37, 38) whose randomized region can accommodate the entire footprint of each respective complex (Fig.   1C ). To facilitate analysis of complex binding patterns when all three HDs are present, we 105 designed two libraries in which a fixed Hth binding site immediately precedes a 21-bp randomized region: (i) Lib-Hth-F, with an Hth site (TGACAG) designed to bind Hth in forward orientation, and (ii) Lib-Hth-R, with a reverse site (CTGTCA) (Fig. 1C) . We carried out SELEX-seq experiments for all individual complexes and constructed position-specific affinity matrices (PSAMs) and energy logos (39) based on the relative enrichment of oligomers of a given length 110 ( Fig. 1C; see Methods) . This analysis indicates that in the absence of Hox, Exd-Hth FL prefers to bind as a head-to-tail dimer analogous to Exd-Hox (Fig. 1C) . Introducing a Hox protein to the Hth FL -Exd complex results in the formation of a dominant Exd-Hox subcomplex, similar to when orientation-agnostic libraries are used ( Fig. S1A,B) . Sequences suggestive of Exd-Hth FL (dark blue) and Hth FL -Hth FL dimer binding (dark pink) are also observed ( Fig. S1B) . 115 
Relative position and orientation preferences of a ternary protein-DNA complex
Characterizing the binding preferences of the ternary Hth FL -Exd-Hox complex requires taking into consideration both the orientation and position of the Hth FL binding site relative to the 120 Exd-Hox heterodimer binding site. To infer this information from the SELEX-seq data, we first computed the relative enrichment of all DNA 12-mers both for Hth FL -Exd-Hox and Hth HM -Exd-Hox ( Fig. S1A,B 
S1A, B & C).
Next, we estimated the contribution to the total binding free energy associated with the "full configuration" (i.e., the relative position and orientation of the Hth and Exd-Hox subunits) by fitting a generalized linear model (GLM; see Methods) ( Fig. 2A) . For both Hth binding site 130 orientations (F and R), the configuration in which Hth binds on the Exd side of the Exd-Hox dimer was favored. In addition, a preference for shorter spacers was observed for the Hth-F library compared to the Hth-R library ( Fig. 2A and Fig. S1D ). This preference suggests that the Nterminus of Hth's HD faces Exd in Lib-Hth-R, shortening the distance between Hth's HM and Exd's PBC domains and thus allowing for a longer DNA spacer, while facing away in Lib-Hth-F, 135 requiring the Exd-Hox subcomplex to move closer to the Hth binding site. The proposed structural configuration indeed makes mechanistic sense in light of the MEIS1 crystal structure (the human Hth ortholog; PDB-ID: 4XRM) ( Fig. 2B) (15) .
To validate our configurational free energy estimates, we performed competition electromobility shift assays (EMSAs) on three different DNA spacer lengths ( Fig. S1E) .
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Homeodomain complexes vary in their dependency on the recognition of DNA shape
The currently available structures of homeodomain-DNA complexes suggest that the 145 spacer DNA separating the Hth FL and Exd-Hox binding sites is not directly contacted by any of these proteins. However, since DBDs were used rather than full-length proteins, the contacts observed in these structures may not capture all relevant contributions to complex stability. To determine whether the sequence of the DNA spacer might contribute to the thermodynamic stability of the complex, we computed oligomer enrichment over the first four nucleotide positions 150 downstream of the fixed Hth site in Lib-Hth-R, retaining only those probes that matched the 12bp PSAM for Exd-Hox over positions [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . A preference for AT-rich sequences observed in the most highly enriched spacers ( Fig. S1F ) suggested that the spacer may influence binding affinity via DNA minor groove width (MGW) readout, which has been shown to play a critical role in DNA recognition for many TFs (15, 30, (40) (41) (42) . 155 To analyze the relationship between spacer sequence preference and DNA shape readout, we fit a mechanism-agnostic GLM based on base identities over the first 15 nucleotide positions of the variable region (3-bp spacer and a 12-bp Exd-Hox site), keeping the first two base pairs within the Exd-Hox site fixed ( Fig. S1G,H; see Methods for details). Consistent with recent analyses (Rube et al., 2018), spacer preferences derived from a GLM that neglects dependencies 160 between nucleotide positions agreed well with a GLM in which each spacer oligonucleotide was scored separately (R 2 =0.81, Fig. S1I ). By taking subsets of sequences defined by an increasingly stringent cutoff on their predicted overall affinity and computing their average minor groove width (MGW) using pentamer tables (43), we visualized the relationship between intrinsic DNA shape and probe selection in the SELEX-seq assay ( Fig. 2C and Fig. S1G ). In addition to the two known 165 MGW minima preferred by anterior Hox TFs (30, 44) , we observe a strong preference for a narrow minor groove within the 3-bp spacer region separating the Hth and Exd-Hox binding sites.
Notably, when we used the same approach to examine spacers longer than 3 bp, this broad MGW minimum split into two narrow ones anchored to the Hth and Exd binding sites, respectively ( Fig.   2C ). 170 These observations suggest that both Hth and Exd can take advantage of local narrowing of the DNA minor groove by directing positively charged amino acids within their N-terminal arms towards the DNA spacer ( Fig. 2C) . To test this hypothesis, we repeated the analysis for Hth HM -Exd-Hox and Exd-Hth FL , reasoning that the Exd MGW minimum would be observed for all three complexes, whereas the Hth-associated one would be absent in the Hth HM complex. 175 Indeed, we detected the Exd-associated, but not the Hth FL -associated MGW minimum for the Hth HM -Exd-Hox complex (Fig. 2D) . Contrary to expectation, Exd's strong preference for a narrow minor groove is attenuated in the Exd-Hth FL complex ( Fig. 2E) , despite that fact that the same Exd site (ATGAT) is optimal for both complexes. Intriguingly, these observations suggest that by analyzing the sequence selection trends in a SELEX experiment in terms of DNA shape features, 180 it is possible to infer structural readout mechanisms specific to a particular TF complex that would otherwise remain elusive. 185 To verify that the positively-charged residues in the N-terminal arms of Hth and Exd play a role in complex-specific DNA shape readout, we created mutants with up to three arginine/lysine were each sufficient to abrogate binding of the Hth HM -Exd-Hox complex to the same extent as a key hydrogen bonded residue in the α3 recognition helix of Exd (Exd N51A ; for numbering of amino acids see (24) ). When the same R-to-A mutations in Exd were tested in the context of Hth FL -Exd-Hox or Exd-Hth FL , binding of the complex was only mildly affected ( Fig. 2G and Fig. S2 ).
Engineered mutations disrupting shape readout lead to selective loss of complex binding
Similarly, a triple mutant Hth K3A,K4A,R5A was still capable of binding DNA when complexed with 195 Exd-Hox. However, weaker trimer binding and stronger monomer binding was observed when both N-terminal arms were mutated (Hth K3A,K4A,R5A -Exd R3A,R5A -Dfd) ( Fig. S2) . These findings demonstrate that although these contacts are not visible in existing crystal structures ( Fig. 2F) To assess the impact of mutating these N-terminal arm residues across all binding sites, we performed SELEX-seq assays with mutant Hth FL -Exd-Hox and Exd-Hth FL complexes, containing either Hth K3A,K4A,R5A (which we will refer to as Hth -shape ) or Exd R2A,R5A (which we refer to as Exd -205 shape ). Repeating the analysis of Fig. 2C revealed that the mutant Hth FL -Exd-Hox complexes lost the ability to select sequences containing the corresponding MGW minima (Fig. 2H ). In addition, Exd -shape blunted one of the previously observed (13, 30, 44) preferences for a narrow minor groove within the Exd-Hox binding site, suggesting that Exd-driven shape-readout promotes Exd-Hox heterodimer binding. Strikingly, this effect was not observed for Exd -shape -Hth FL heterodimers; 210 when compared to the wild-type Exd-Hth FL complex, only the N-terminal Exd MGW readout was mildly perturbed, yet the MGW sensitivity at the first AY (position 4/5) remained ( Fig. S3A) .
Therefore, the mutant-Exd data confirms our prediction that Exd's N-terminal arm engages with the minor groove to a different degree when bound with Hth instead of Hox.
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Differential sensitivity to shape readout mutation discriminates between TF complexes
To determine the extent to which the Exd shape-readout mutation differentially impacts complex formation, we systematically compared the sequences selected by Hth FL -Exd-Hox with those selected by Hth FL -Exd -shape -Hox complexes ( Fig. 3A and Fig. S4D ). This analysis revealed 220 large variation in the extent to which binding to a particular DNA sequence is affected by the loss of DNA shape readout by Exd. In an attempt to interpret these observations, we used the PSAMs derived for each distinct complex (cf. Fig. 1C ) to predict the identity of the bound complex for each DNA sequence (colors in Fig. 3A and Fig. S4D, G) . This analysis confirmed that in addition to discriminating between Hth-Exd-Hox complexes containing the Hth FL and Hth HM isoform 225 respectively, Exd -shape separates Hox-containing from non-Hox-containing complexes ( Fig. 3A and Fig. S4D, G) . Binding of Hth FL homodimers was not impacted, binding of Exd-Hth FL heterodimers was slightly impacted, and binding of Hth FL -Exd-Hox ternary complexes was strongly affected.
Unexpectedly, this analysis also revealed a change in sequence selectivity for the trimeric 230 HD complex in which Exd -shape participates. Two distinct classes can be distinguished: binding was less affected when the Y5 base-pair in the Exd-Hox heterodimer site (NTGAY5NNAYNNN) was C-G instead of T-A ( Fig. 3A and Fig. S4D ). Interestingly, the base identity at Y5 only impacted the ternary Exd-Hox complex, as no such difference was observed when SELEX-seq was performed with Exd -shape and Hth alone ( Fig. S4D) . Notably, the T5-to-C5 transition is 235 predicted to widen the minor groove at the position where the Hox spacer interacts with the DNA (Fig. S4J) . A smaller differential effect was observed at the N1 position (N1TGAYNNAYNNN) ( Fig. S4B ,C,E,F,H ), which can also be explained by a change in intrinsic MGW (Fig. S4I ), yet is not specific to the Exd-Hox subcomplex.
Taken together, these observations suggest that in parallel to optimized hydrogen-bonds 240 with the 3 recognition helices, high-affinity binding sites for multi-protein TF complexes have an optimized DNA shape characterized by a set of MGW minima at specific positions. Losing the ability to interact with individual MGW minima affects the binding of some complexes more than others ( Fig. 3B) . Thus, TFs utilize distinct DNA recognition modes depending on their binding partner ( Fig. S3B) .
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Combinatorial in vitro TF-complex binding behavior is recapitulated in vivo
If in vivo occupancy is governed by the same binding rules and composition-dependent sequence preferences as in vitro, we might be able to explain more of the observed in vivo binding 250 patterns by using mutant TFs tailored to lose binding free energy contributions from a specific minor groove interaction. To test this idea, we generated transgenic fly lines that ubiquitously express a V5-tagged version of Exd WT or Exd -shape ( Fig. 3C ; see Methods). Ubiquitous expression of Exd WT -V5, but not Exd -shape -V5, fully rescues an exd null mutant, demonstrating that the two N-terminal-arm arginines are critical for viability ( Fig. S5A) . Because the nuclear localization and 255 therefore the activity of Exd depends on its interaction with Hth, we confirmed that nuclear import of Exd -shape -V5 was not compromised ( Fig. S5B) . To investigate whether lethality in Exd -shape -V5 is linked to a selective loss of distinct Exd-containing complexes, we carried out whole-genome ChIP-seq assays against the V5 tag of either Exd WT -V5 or Exd -shape -V5 (in the presence of endogenous Exd) in wing imaginal discs ( Fig. 3D) . We also used ChIP-seq to characterize the 260 genome-wide binding patterns of Hth and the Hox protein Antp, which is strongly expressed in wing discs. Visual inspection of the raw IP coverage tracks for Exd WT -V5, Exd -shape -V5, Hth, and Antp at the Antp gene locus revealed that some Exd peaks are more sensitive to the N-terminal arm shape-readout mutations than others ( Fig. 3D) . Strikingly, binding signal loss (defined as the Exd WT -V5 over Exd -shape -V5 coverage ratio at each Exd WT peak summit) showed a strong 265 correlation (r = 0.37, p < 2.2x10 -16 ) with predicted relative affinity for Hth HM -Exd-Antp (45) , confirming that this aspect of in vitro binding is recapitulated in vivo; by contrast, ATAC-seq data from wing discs did not show an obvious correlation ( Fig. 3E) .
We next focused on the subset of Exd WT -V5 peaks that contain a match to the TGAYNNAY Exd-Hox consensus site (~20% or 752 peaks total). Recapitulating our in vitro 270 findings, the 30% of these where occupancy is reduced the most in Exd -shape are significantly more likely to have a high predicted affinity for Exd-Hox compared to the remaining 70% (p = 2.0x10 -9 ; T-test; Fig. S5C ). At the same time, these peaks are significantly less likely to contain strong Hth-monomer sites (p = 3.6x10 -3 ; T-test; Fig. S5C ). Even more strikingly, when comparing between low-affinity Y5=C and high-affinity Y5=T for sites of type NTGAY5NNAY, the altered 275 sequence selectivity for Exd -shape identified in vitro was recapitulated in vivo, with Antp and Exd WT preferring Y5=T over Y5=C sites, with the opposite binding preference observed for Exd -shape (p < 2.2x10 -16 (Antp); p = 0.01 (Exd -WT ); p = 8.2x10 -04 (Exd -shape ); T-test; Fig. S5D ). That the difference between these two classes is more pronounced for the Antp profile than for the Exd WT profile suggests that while Exd-Hox binding is the dominant mode, Exd-Hth complexes might compete 280 for these same sites in vivo (cf. Fig. S1A ), therefore contributing to the overall Exd WT IP signal and reducing the effect size. 285 Given that the stability of each type of HD complex is impacted to a different degree by the Exd -shape mutation (cf. Fig. 3A,B ), we reasoned that using the mutant binding loss as a diagnostic feature, along with relative affinities predicted from in vitro SELEX data, might allow us to classify all Exd WT peaks (~3,700) in terms of a particular homeodomain complex (see Methods). 290 Using a combination of three ChIP enrichment values and three predicted binding affinity scores, each Exd peak was assigned to one of eight clusters (Fig. 4A) . Interpretable and distinct clusters were only obtained when ChIP coverage for both Exd -shape -V5 and Hox was included among the features (Fig. S5E) . Based on these data, we assigned each cluster to a particular type of complex, and whether the binding was low or high affinity (Fig. 4A) . The resulting classification Having identified potential trimer sites in vivo, we tested whether the differences in spacer preference we observed in vitro (cf. Fig. 2A ) could also be seen in vivo. To this end, we aligned 300 all 129 trimer peaks by their highest-affinity Exd-Hox site, scored Hth FL binding affinity in either orientation up-and downstream of that site, and averaged over a 4-bp moving window. Indeed, distinct spatial preferences were observed, which paralleled the in vitro trends (Fig. 4B) . As expected, an enhanced Hth-monomer binding affinity score was not observed for the 273 highaffinity Exd-Hox peaks (Fig. 4B) . 305 Interestingly, even though ATAC-seq signal intensity was not included as a feature in the clustering, it correlated with complex composition and configuration: Sites where Exd directly contributes to DNA binding by its canonical head-to-tail Exd-HD orientation (i.e. Hth HM -Exd-Hox and Exd-Hth) were less accessible than sites that contain a Hth binding site bound independently of Exd (i.e. Hth-only and Hth FL -Exd-Hox; Fig. 4A ). This observation suggests that different TF-310 complexes or configurations might have opposing effects on DNA accessibility and gene expression. 315 To determine how many Exd peaks within each cluster of Fig. 4A can be explained by one of the three distinct binding affinity models, (Exd-Antp, Exd-Hth, or Hth-monomer), we visualized the raw input features used in our unbiased clustering ( Fig. 4C) . Strikingly, nearly 80% of all peaks showed enrichment for a complex-and cluster-specific sequence motif around the peak summit and only about 20% of the peaks remained unclassified. To investigate the molecular mechanism 320 by which these motifless Exd peaks are established, we performed in situ chromatin capture (Hi-C) (46, 47) on third instar larval wing discs ( Fig. 5A) . First, we asked whether Exd binding sites tend to associate in 3D space. To test this, we generated Hi-C maps at 5-kbp resolution (48) (see Methods) and extracted chromatin interaction frequencies between all pairs of Exd peaks. We found a surprising level of structure in these Exd-centric interaction maps ( Fig. 5A) . To rule out 325 the possibility that a random sample of accessible genomic loci might produce a similar pattern, we generated a reference distribution by randomly selecting size-matched sets from all ATAC-seq peaks. Indeed, Exd peaks were about twice as likely to show significant contacts as randomly chosen sites (p-value = 4.9x10 -54 ), even when only considering non-duplicated bins (p-value = 2.6x10 -32 , Fig. S6A ). This suggests that Exd-containing chromatin-bound complexes co-localize 330 within the nucleus. A prominent example of this is found on chromosome 2L, where many Exd peaks cluster within a region of about 200 kbp (Fig. 5A) , containing genes such as no ocelli and elbow B, which are involved in eye-antennae development (49), and genes related to neuronal function such as pickpocket (an ion channel) and Partner of Bursicon, part of the Bursicon neurohormone dimer (50). 335 If the 20% of Exd peaks that are not explained by a motif are merely the result of high accessibility, they should exhibit a similar degree of physical interaction with classified Exd peaks as highly accessible ATAC-seq peaks (Fig. 5B) . Interestingly, we find the opposite to be true: Motifless Exd peaks are much more likely to be in physical proximity to sequence-specific Exd peaks than randomly sampled, highly accessible sites (p-value = 9.2x10 -114 ; Fig. 5C ). This 340 indicates that their presence is a consequence of frequent colocalization with sequence-specific Exd binding sites, which in turn suggests that motifless Exd sites inherit their sensitivity to the Exd -shape mutant from the Exd sites that they interact with ( Fig. 5D ). Supporting this idea, binding loss in the Exd -shape mutant at the classifiable Exd sites, combined using the Hi-C contact frequency as a weight (see Methods), showed a statistically significant correlation with the binding loss at 345 unclassified Exd sites ( Fig. 5E) . Importantly, this correlation improved when more than one contact with classified sites was considered, arguing that the IP signal at motifless sites is accrued through multiple interactions, possibly occurring within a transcriptional hub. 350 Since the Exd -shape mutant predominantly impacts the binding of Exd-Hox complexes, we should in principle be able to identify the gene network directly controlled by Exd-Hox. To circumvent the lethality caused by the Exd -shape mutation, we tagged the endogenous Exd Cterminally with Green Fluorescent Protein (Exd-GFP) and used the deGradFP method to deplete 355 endogenous Exd GFP protein (51) ( Fig. 6A and Fig. S7A ). After expressing the deGradFP system for 24 hr, we performed RNA-seq on third-instar imaginal wing discs of male flies that carried either a copy of Exd WT or of Exd -shape ( Fig. 6A) . At a false discovery rate of 5% we detected 392 genes upregulated in Exd -shape relative to Exd WT , and 322 downregulated genes ( Fig. 6B) . Among the former were exd and hth, which showed mild upregulation suggestive of an autoregulatory 360 feedback loop for Exd-containing complexes.
Identification of complex composition in vivo on a genome-wide scale
Exd binding sites interact in 3D
The Exd -shape mutant reveals distinct biological functions for different complexes
We next asked to what extent our Hi-C data, which allow us to assign Exd peaks to gene promoters, can be used to predict differential gene expression ( Fig. 6C) . We argued that the cumulative contact frequency of all Exd peaks a gene promoter interacts with within 50 kbp might be a reasonable predictor for how the expression of a given gene responds to the Exd -shape mutation. 365 Indeed, we observed a significant positive correlation between cumulative peak-promoter contact frequency and expression log-fold-change for all upregulated genes (Pearson correlation = 0.13; p = 9.4*10 -13 ) ( Fig. 6D) . Among downregulated genes, the same correlation was not significant ( = 0.03; p = 0.11). Upregulated but not downregulated genes also have significantly more contacts with all classifiable Exd peaks split by complex ( Fig. S7B) . The lack of differentiation between 370 complexes likely results from the high degree of physical interaction among Exd peaks (cf. Fig.   5A ). However, because Exd-Hox binding is most strongly affected by the Exd -shape mutation, the observed changes in gene expression are likely to be driven by the loss of this particular complex.
To test this idea, we again used our Hi-C data to identify the most frequently contacted promoter for each peak. Analyzing Gene Ontology (GO) associations showed that the genes directly 375 controlled by Exd-Hox are enriched for several distinct functions that are missed when no discrimination is made among the various Exd-containing complexes (Fig. 6E) . Among those functions were several neuronal categories, such as axon guidance, chemotaxis, and cell projection/cell morphogenesis related ones. Accordingly, the same GO categories scored significantly when taking the overlap between upregulated genes in Exd -shape and genes more 380 highly expressed in the wild type central nervous system (CNS) compared to wild type wing discs ( Fig. 6E) . As expected, no enrichment for particular GO categories was observed for the Hth-only class of Exd peaks, suggesting that they predominantly occur downstream of Exd-Hox. Only when the subset of genes controlled by both an Exd peak classified as Hth-only and one classified as Exd-Hox was considered, categories related to biosynthesis and metabolism emerged as enriched 385 (Fig. 6E) . Surprisingly, when analyzing the gene set associated with motifless Exd peaks we found the same, very broad functions enriched as when analyzing the gene set associated with any class of Exd peaks (Fig. 6E) , providing further evidence that their occurrence is not purely driven by genomic accessibility.
DISCUSSION
390
Accurate prediction of which DNA sequences a given TF or TF complex will bind in vivo is a hard and still unsolved problem, despite the availability of many complementary highthroughput datasets. There are two major reasons why we fall short of this goal: First, any one TF can bind DNA sequences with a variety of partners, such that the simplifying assumption that a 395 single binding mode captures the full range of binding behaviors is unlikely to hold true. Second, we currently lack methods that reliably incorporate information on chromatin conformation (52) and therefore fail to predict sites that lack a distinct sequence signature, yet physically interact with functionally bound sites.
In this study we showcase how we can infer structural features of multi-TF complexes from 400 high-throughput in vitro binding data. Importantly, the mechanistic insights we obtain challenge several currently held views on the nature of TF binding, including the subordinate role that structurally ill-defined protein regions and DNA sequences lacking readily defined motifs play in TF-target recognition and complex stability. Our biophysically motivated but otherwise unbiased analysis of SELEX-seq data allowed us to specifically design TFs that can be deployed as tools to 405 interrogate complex TF binding behavior and function, both in vitro and in vivo. Specifically, our thorough investigation of HD binding mechanisms revealed that Exd relies on shape-readout in a complex-specific manner. In general terms, a single TF can utilize its ability to read a narrow minor groove to different degrees, depending on both complex composition and DNA sequence identity. Because quantitative information about any readout mechanism that contributes to DNA 410 sequence specificity is implicitly captured in high-throughput binding assays, it is likely that our approach can be used to infer structural mechanisms and molecular configurations for other TF systems as well. Instead of directly generating libraries of mutant TFs and assaying their binding profile, naturally occurring protein sequence variation among TF paralogs or binding partners can be leveraged. 415 Our realization that a part of a TF that samples many configurations can differentially affect the assembly of distinct TF complexes in vitro allowed us to infer the bound complex for ~80% of all Exd peaks, a vast improvement over what can be achieved using just a single static motif. In the current literature, the remaining 20% of sites, which lack a binding motif but display high accessibility, would typically be considered a byproduct of ChIP-seq experiments (17, 18) . 420 However, the key observation that the loss of ChIP-seq signal in the Exd -shape mutant at motifless sites correlates with that at motif-dependent sites suggest that, at least for Exd, motifless sites inherit their binding loss from 3D interactions with sites bound by specific Exd-containing complexes. Thus, we propose to refer to motifless yet TF-bound complexes as "shadow peaks".
Notably, genes whose promoters are contacted by the subset of Exd shadow peaks show 425 statistically significant enrichment for the same Gene Ontology categories as the entire set of Exd peaks. This suggests that shadow peaks do not reflect non-functional binding, but may mark, or even play an active role in, the formation of functionally relevant chromatin hubs.
We also made two key observations regarding combinatorial TF gene control. First, we showed that complex-specific function might be missed when analyzing all TF peaks together (cf. 430 Fig. 6E ). For Exd-Hox, we found a repressive role that limits the expression of genes biased for nervous system expression. This finding is consistent with previous observations showing that although the Hox gene Antp is dispensable for wing formation, removing its activity often results in morphological abnormalities (53). We also identified a common gene set controlled by Exd-Antp and Hth-only complexes -genes associated with metabolic function and biosynthesis. This 435 finding may be relevant to the further investigation of the seemingly contradicting roles that Hox proteins and their cofactors play in the onset of cancer (54). Second, we found that the interaction frequency between Exd-bound regulatory elements and their target promoters is a quantitative predictor of differential gene expression. The correlation is significant despite downstream effects, potential redundancies among TFs, and the use of whole-tissue data rather than that of isolated cell 440 populations, and is consistent with a recent study showing that interactions between promoters and their known enhancers were correlated with nascent RNA levels using high resolution imaging (55).
Lastly, we might ask to what extent these mechanisms apply to mammals: The human genome encodes four highly conserved orthologs of Exd, namely Pbx1-4 (23). In the mouse, where 445 knockouts have been studied, all four pbx genes are essential for viability (27, (56) (57) (58) .
Consequently, a complete loss-of-function (null) allele of pbx would be unlikely to contribute to human disease unless the gene was haplo-insufficient for a specific function. In contrast, a subtler perturbation of Pbx activity, analogous to the shape-defective mutation of Exd described here, could in principle contribute to human disease by interfering with the binding of specific Pbx- flies homozygous for tub>exd WT -V5 (green) or tub>exd -shape -V5 (red) transgenes and endogenous Exd. Hth (orange) and Hox (Antp; blue) ChIP-seq, as well as ATAC-seq (gray) tracks are also shown for reference. Background shading indicates peaks that are strongly lost (red), mostly unaffected (gray), or partially lost (yellow) by the Exd -shape mutation. (E) Raw coverage tracks 670 around the Exd WT -V5 ChIP-seq peak summit for IP signals from Exd WT -V5, Exd -shape -V5, Hox, and Hth, along with binding site (BS) affinity scores for Exd-Antp, and ATAC-seq signal. Peaks are ordered by the Exd WT -V5 over Exd -shape -V5 IP-signal ratio ("Exd -shape binding loss"). motifless binding sites in response to Exd -shape mutation is variable, which might be caused by 3D contacts with classified Exd binding sites. (E) Exd -shape binding loss at motifless Exd peaks may be explainable in terms of binding loss at classified Exd binding sites it interacts with in 3D (optionally weighted by Hi-C contact frequency). Three different models are compared: (i) one that uses the unweighted Exd -shape binding loss at the classified site with highest Hi-C contact 710 frequency as a predictor; (ii) ones that takes the weighted Exd -shape binding loss for one classified Exd binding site per cluster into account (cf. Figure 5 ; middle); or (iii) one that uses the weighted Exd -shape binding loss across all classified Exd peaks located on the same chromosome. 715 Fig. 6 : Harnessing the Exd -shape mutant to decipher complex-specific biological functions (A) Using the Exd -shape mutation as a genetic tool to dissect the gene expression response of Exd-Hox binding loss in vivo. CRISPR-Cas9 based tagging of the endogenous Exd locus with GFP allows time-controlled removal of endogenous Exd protein using the deGradFP system in the 720 background of either tub>exd WT -V5 or tub>exd -shape -V5 transgenes. (B) Volcano plot of the false discovery rate (FDR) versus the log2-expression-fold change in Exd -shape compared to Exd WT (reference) is shown. Genes upregulated in the Exd -shape line are shown in green; downregulated genes in red. (C) Using Hi-C data to assign peaks to the promoter they contact the most. Shown is a region on chromosome 2L encompassing the mid gene locus. Exd WT -V5 IP coverage track is 725 shown above the Hi-C map at 5-kbp resolution. Promoter regions (orange) and different HD complex types are shown as colored boxes. Arrows indicate examples of contacts in 3d space between enhancers (peaks) and promoters. (D) Cumulative promoter to Exd-peak contact frequency is significantly correlated with expression log2-fold-change for upregulated (green), but not downregulated genes (red). (E) Contact-based promoter-peak type assignment reveals distinct 730 functions for Exd-Antp target genes. Enrichment of specific Gene Ontology (GO) categories was analyzed either based on all upregulated genes associated with any Exd peak (X-axis) or only those genes associated with a specific Exd complex in our previous analysis. Dotted lines indicate the p-value threshold at which significance is met after accounting for multiple hypothesis testing. Bottom panel shows whether the same GO categories are significantly enriched among genes both 735 upregulated in the Exd -shape mutant and specifically expressed in the central nervous system (CNS, dark blue) or wing disc (khaki) based on a transcriptome analysis comparing wild-type larval CNS and wing. "missed by all" highlights GO categories that were not identified when the entire set of Exd peaks was analyzed.
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Materials and Methods
745
Protein purification and mutagenesis Fly proteins were obtained and purified as described in . Briefly, PET-expression vectors containing coding regions for full-length hth (Uniprot-ID: O46339), exd (Uniprot-ID: P40427), dfd (Uniprot-ID: P07548) and Hth HM-domain (amino acids 1-242; (Uniprot-ID: O46339) with hexa-histidine tags (except for Exd, which was copurified with full-length Hth or HM-domain-only Hth) were transformed into Bl21 cells. Cells were grown for 5-7 750 hours, lysed, and proteins extracted with affinity purification using Cobalt-Talon beads (Clontech). Site-directed mutagenesis for Exd and Hth was performed via amplification of the original plasmid with primers harboring single amino acid replacements (arginine to alanine) using Taq-polymerase (NEB). Double and triple mutations were generated consecutively. Supplemental Table S1 contains a summary of the mutations made. 755
Binding and competition assays Electromobility shift assays (EMSAs) were performed using 2 nM radiolabeled DNA and protein concentration between 75-900 nM: Dfd was kept constant at 150 nM; wild-type Hth FL -Exd and Hth HM -Exd was used at 100 nM; mutant proteins were increased from 75 nM -300 nM (two lanes) or up to 900 nM (three lanes). Proteins were incubated for at least 30 min prior to loading in binding buffer (final concentration: 2% Glycerol, 30 g/ polydIdC, 760 40 mM NaCl, 40 mM Tris pH=8.0, 0.4 mM MgCl2, 1mM DTT, 0.5 mM EDTA). After loading onto a 5% TBE gel, gels were run at 4℃ for 2h in 0.5x Tris-running buffer. For competition assays, a radio-labeled probe was competed out with increasing concentrations of unlabeled competitor DNA while keeping protein concentrations constant (100 nM). Dose-response curves and IC50 values were obtained using the R package drc. Spacers with zero, three and seven bases between the Hth and Exd-Dfd sites were tested. 765
Library design
The Lib-16 library contained a 16-mer random flank without fixed binding sites and data for Hth HM -Exd-Dfd were taken from Slattery et al.
(1). The data for the Hth FL -Exd SELEX-experiment was generated using a Lib-16 library as well, but following the design described in (2) . The Lib-Hth-F and Lib-Hth-R libraries contained a fixed Hth site -770 TGACAG in forward (F) and CTGTCA in reverse (R) orientation -immediately followed by a 21 bp random region. Library Lib-30 had a 30-bp random region and no fixed Hth binding site. Full library sequences are listed in Supplemental Table ST2 .
SELEX experiments 775
For Lib-Hth-F, Lib-Hth-R, and Lib-30, SELEX experiments were carried out using wild-type or mutant homeodomain proteins following the experimental procedures described in (1, 3) . Two rounds of enrichment were performed for each set of experiments. For the Hth FL -Exd and Hth Fl -Exd -shape SELEX-experiments using Lib-16, a single round of selection was performed using the methodology and library design described in (2) . Data for Hth HM -Exd-Hox was obtained from a previous study . For each experiment, proteins of a final concentration of ~50 nM 780
were assembled and incubated with excess DNA (10-20 fold) for 30 minutes. After each round of selection, the DNA was extracted from the gel amplified by either using Ilumina's small RNA primer sets or the set of primers described in (2) . Sequencing barcodes were added in a five cycle PCR step and the final library was gel-purified using a native TBE-gel before sequencing. 785
Sequencing and data processing Libraries for Hth FL -Exd and Hth FL -Exd R2A,R5A (Lib-16) were sequenced using a v2 75-cycle high-output kit on an Illumina NEXTSeq Series desktop sequencer at the Genome Center at Columbia University. Libraries Lib-Hth-F and Lib-Hth-R with either Hth or Exd shape-readout mutant in complex with the respective other wild-type protein and Dfd, as well as the Lib-30 Hth FL -Exd-Dfd experiment were all sequenced at the New York Genome Center using 790 separate lanes on an Illumina HiSeq 2000 sequencing machine. Libraries Lib-Hth-F and Lib-Hth-R with wild-type proteins were also sequenced on a HiSEQ instrument at a different facility. Libraries were trimmed to remove Illumina-and library-internal adapter sequences using custom shell scripts and the FASTX toolkit (Hanon lab) and loaded into the R environment using the R package named SELEX (http://bioconductor.org/packages/SELEX) . 795
Computational analysis of complex composition and orientation
Relative enrichment tables for all libraries were generated using the SELEX package. To color the individual oligomers based on the complex composition most likely explaining their enrichment, position-specific-affinity matrices were generated for Hth HM -Exd-Dfd using a 12-mer seed sequence from Lib-16 and Lib-Hth-(F/R) (12-mer 800 with highest enrichment), for Hth FL -Exd using a 10-mer or 12-mer seed (TGATTGACAG or TTGATTGACAGC), and for dimeric Hth FL using a 12-mer seed (TGACAGCTGTCA; Lib-30). Each sequence from each respective library was then scored with the different PSAMs and complex composition assigned based on the PSAM achieving the highest score. To remove shifted binding sites that do not encompass the full TF footprint, only sequences with a relative affinity score or > 0.01 for one of the three PSAMs were retained. 805
To test for preferences in complex orientation with respect to the fixed Hth site in the Lib-Hth-(F/R) libraries, overall 12-mer relative enrichment tables were generated as described above and forward or reverse-complement orientation assigned by comparing the relative enrichment of each 12-mer to that of its reverse complement. Sequences with a higher score for the forward strand (as obtained from the sequencing run) were designated as [Exd-Hox]F and sequences with a higher score for their reverse complement as [Exd-Hox]R. Average F/R ratios for Lib-16 (Hth HM -810
Exd-Dfd) and Lib-Hth(F/R) were shown as boxplots (Fig. S1C) . To account for different offsets of the Exd-Hox complex, 12-mer enrichment tables were generated for each offset respectively (using the SELEX function selex.affinities(…, offset=x) with x=0 to 9) and F and R orientation assigned accordingly. To test for sequence preferences within the DNA spacer connecting the Hth and Exd binding sites, 16-mer enrichments of sequences right downstream of the fixed Hth site of Lib-Hth(F/R) (offset = 0) were computed and sequences isolated that matched the 815 top Exd-Hox binding site (ATGATTAATGAC) at position 5-16. A+T content of the variable 4bp spacer sequence was computed and compared to the relative enrichment of each 16-mer (spacer) sequence. For the comparison of k-mer based relative enrichment plots between wild-type and shape-readout-mutant SELEX libraries, each sequence was assigned an F or R orientation as described above, as well as a representative complex that best explained the sequence signature (using PSAMs, see above). In addition, Exd-Hox type sequences 820
were split based on the Y5 (C or T) or the N1 (A,C,G,T) base identity within the consensus 12-mer binding sites (NTGAYNNAYNNN; Fig. 3A and Fig. S4 ). For representation purposes, only sequences in F orientation and with a PSAM score greater than 0.005 were shown. Sequences that had similar scores (less than 3-fold difference) for more than one PSAM, or that did not match the respective Y5 pattern (e.g. due to a partial motif), were labeled ambiguous and colored separately (grey). 825
Feature-based modeling using GLM
To model the relative orientation and offset preferences for the Exd-Hox subcomplex quantitatively in a unified model, each 21-bp probe sequence (including 2 bp of flanking sequence) was first scored on both strands with a PSAM obtained from the Hth HM -Exd-Dfd data set from Lib-16. Only probes where a unique binding site solely accounted for 830 >95% (trimeric complex) or >90% (dimeric complexes) of the probe selection were retained. A similar procedure was described in (4) . Probes with identical 12-mer Exd-Hox sequences, spacer length and strandedness were collapsed to one entry in the design matrix. ( 2 ) 840 Oligomer-based models for sequence preferences within the spacer were obtained using the same modeling framework. The full set of confidence-filtered probes was first subsetted by offset (spacer length) and orientation. Choosing a specific offset L (e.g. spacer of length L=4) and Hth-[Exd-Hox]R orientation, sequences identical over L+12 bases where first collapsed and the total R2 occurrence was used as the response variable in the model. The log-845
transformed Markov model predictions for the R0 initial bias of each (L+12)-mer was used as an offset and the spacer sequence and the relative enrichment value for each 12-mer, were used as predictors, resulting in 4 L + 1 model predictors. Model comparisons were done by computing the R 2 (based on a linear model) between the spacer coefficients from the oligomer model and the sum of the base coefficient making up the respective spacer sequence in the mononucleotide model (Fig. S1I) .
Models with fixed N1N2 base identity were obtained by further subsetting the probes, such that the Exd-Hox 860 binding site would start with AT (see optimal 12-mer sequence). Fixing the first two positions allows isolating shapedependent sequence selection within the spacer from effects due to readout occurring within the core Exd-Hox binding site. Mononucleotide models were fit for different spacer lengths as described above, while excluding the first two base positions within the Exd-Hox site from the feature set. 865
Affinity-shape correlation
To identify whether shape might be responsible for the observed spacer selection, we first computed the theoretical model score ∆∆ With a score for each spacer in hand, we next used the pentamer shape table (5) to compute the predicted minor groove width for each spacer. Since the score for each base in the pentamer table is dependent on the two bases up-and downstream, we extended the spacer 5' with the fixed Hth binding site, present in Lib-Hth-(F/R), and 3' by the base 875 identity of the fixed N1N2 = AT used in the model. The resulting MGW profiles for each spacer were ranked by their ∆∆ (spacer)/RT and average MGW profiles were obtained by taking the position-wise average across sets of spacer sequences. To test for a role of MGW in selection, we first computed the average MGW profile including all spacers, setting a reference point of random or no selection. We then subsequently increased the threshold for spacers included in the analysis based on their ∆∆ (spacer)/RT ranking and recomputed the average MGW profile on the reduced set. 880
Sequentially removing "bad" spacers from the pool, should reveal any apparent selection for a specific MGW profile, as it mimics the underlying, biophysical selection process. Since no meaningful flank is present for the Hth HM -Exd-Hox and Exd-Hth FL complexes, mononucleotide feature models were also obtained from the R2 or R1 counts of sequences with the core binding site extended by 4bp up-or downstream (Fig. 2D,E and Fig. S3 ). 885
Structural interpretation
Structural representations (superimpositions) were obtained with the align function in pymol, using either the DNA (Fig.2 and Fig. S3B ) as the template. Extended B-DNA with sequences accommodating the respective homeodomains and spacers were generated with the Nucleic Acid Builder webserver (6) (http://structure.usc.edu/makena/server.html). 890
Generation of transgenic and CRISPR-Cas9 fly lines
The full-length cDNA sequence for either the wild type or the R2A,R5A mutant Exd (obtained by PCR from the protein-expression vectors), followed 3' (C-terminally to the protein) by the sequence coding for the small V5 peptide, was ligated into the multiple cloning site (MSC) of a vector with attB sites for C31-mediated integration. The vector 895 contained a tubulin (Tub) promoter and a poly-adenylation signal surrounding the MSC. Purified vectors were sent for injection into the attp40 site on chromosome 2L, additionally marked with w+. The resulting flies were crossed with respective balancer males or females (sp/CyO; MKRS/TM2) and transgenes were tested for their ability to rescue an exd null allele. For Antp ChIP-seq experiments, a GFP-tag was fused in frame into the endogenous Antp locus at its N-terminus 900 (details upon request; Feng et al., in preparation), resulting in homozygous viable GFP-Antp flies. Fly lines carrying endogenous Exd with a C-terminal Green Fluorescent Protein (GFP) tag were ordered from Rainbow, using their CRISPR-based protein tagging service. The final line harbors a GFP directly fused to the last coding amino acid of Exd, followed by an SV40-poly(A) signal and a DsRed Express cassette for easy screening. Progeny obtained from the initial red fluorescent screen were homozygous viable. Fly lines used for RNA-seq 905 experiments were the result of a cross between i) female flies homozygous for both Exd-GFP (X chromosome) and a temperature-sensitive Tub-GAL80 ts -UAS-deGradFP (7) (2 nd chromosome) and ii) male flies carrying either Tub-Exd WT -V5 or Tub-Exd -shape -V5 transgene on the second and an enhancer-trap into the headcase locus driving Gal4 (hdc-G4) on the third chromosome over C(2L;3R),Tb. Flies selected for RNA-seq were males of the following genotype: Exd-GFP/Y; Tub-Gal80 ts -UAS-DeGrad/Tub-Exd WT or -shape -V5; hdc-G4/+. 910
Immunohistochemistry
The following antibodies for immunohistochemistry were used: rabbit anti-Exd (8) , mouse anti-V5 (Invitrogen, R960-25), guinea-pig anti-Hth (9), mouse anti-Antp (DDHB. C811), rabbit anti-GFP (Invitrogen, A-11122). Imaginal wing discs were collected from third instar larva, fixed in 4% formaldehyde for 25 minutes and stained with the antibody 915 overnight in a 1:500 dilution. Discs were imaged at 20x magnification using confocal microscopy and processed using ImageJ software.
ChIP-seq
The following antibodies were used in ChIP-seq experiments: mouse anti-V5 (Invitrogen, R960-25), rabbit anti-GFP 920
(Invitrogen A-11122) for Antp-GFP, guinea-pig anti-Hth (raised against the N-terminus of Hth; GP52) (9) . About ~ 100 third instar larval wing discs were used for each ChIP-seq sample. All buffers contained protease inhibitor (cOmplete, Roche). Inverted larvae were cross-linked at room temperature (RT) for 10 min in 10 ml 1% formaldehyde solution buffered with 50mM HEPES (pH=8.0), immediately quenched with 1 ml 2.5M Glycine and washed for 5 minutes in quench-solution (125 mM glycine, in 1X PBS and 0.01% Triton X-100). Inverted and cross-linked larvae 925
were flash-frozen in liquid nitrogen for storage at -80℃ until further processing (no more than one week). Sheared chromatin was diluted in 5X RIPA dilution buffer (1x RIPA: 140mM NaCl; 10mM HEPES, pH=8.0; 1mM EDTA, pH=8.0; 1 % Glycerol; 1% Triton X-100; 0.1% DOC) and blocked with 10 g of the respective IgG-coated magnetic beads (Dynabeads, ThermoFisher) for 1h at 4℃. Beads were removed with a magnetic stand and supernatant was
